An evaluation of the sensitivities of three DNA extraction methods, i.e., FTA filter paper, a QIAamp stool mini kit, and a conventional phenol-chloroform method, by using specimens with known concentrations of Enterocytozoon bieneusi spores was performed. FTA filter paper and the QIAamp stool mini kit were the most sensitive methods, which could detect E. bieneusi in specimens with a concentration of 800 spores/ml. We also compared five previously described PCR methods that use five different primer pairs for the detection of E. bieneusi and showed that MSP3-MSP4B and EBIEF1-EBIER1 were the most sensitive primers. Although both sets of primers showed the same sensitivity, using the MSP3-MSP4B primers can directly provide genotypic information by sequencing. A blinded diagnostic test to compare PCR and light microscopy methods for the detection of E. bieneusi in stool specimens was also conducted. The use of FTA filter paper for DNA extraction together with the PCR method using the primer pair MSP3-MSP4B showed 100% sensitivity and 100% specificity for the detection of E. bieneusi in stool specimens, while the light microscopy method gave a sensitivity of 86.7% and a specificity of 100%.
Enterocytozoon bieneusi is an emerging pathogen causing diarrhea in patients with human immunodeficiency virus infection and other immunosuppressive conditions (9, 20, 33) . Selflimited diarrhea as well as chronic diarrhea in immunocompetent patients has also been reported (25, 32) . The prevalence of E. bieneusi in human immunodeficiency virus-infected patients with diarrhea was 2 to 50%, depending on the study population and methods of diagnosis (2, 8, 16, 20) . Several staining methods such as Gram-chromotrope (17) , modified trichrome (31) , and chemofluorescence stains such as Calcofluor White M2R (29) have been developed for the detection of E. bieneusi. However, the accuracy of microscopic diagnosis of this organism depends on the experience of the microscopist. Moreover, staining methods cannot differentiate down to the species level. Thus, electron microscopy is still necessary for confirmation of the diagnosis and species identification (6) . Molecular techniques that rely on PCR-based methods to amplify different regions of the small subunit rRNA (SSU rRNA) gene for the identification of E. bieneusi have been successfully developed (4, 7, 26, 30, 35) . More recently, a real-time PCR method was used to quantify E. bieneusi DNA in stool specimens for monitoring treatment in immunocompromised patients (15) . A multicenter study has shown that PCR can detect E. bieneusi in concentrations as low as 10 2 spores/g of stool, while a detection limit of 10 4 spores/g of stool was apparent for light microscopy (22) . Thus, epidemiological studies based on only light microscopy may give prevalence data which do not reflect the true prevalence of E. bieneusi.
PCR amplification using stool specimens for the detection of E. bieneusi could be insensitive because of PCR inhibitors and the difficulty of spore disruption. To raise the sensitivity of PCR to diagnose E. bieneusi infection, an efficient DNA extraction method is needed. Commercial DNA extraction kits such as the QIAamp stool mini kit (QIAGEN, Hilden, Germany), Instagene Matrix (Bio-Rad, Hercules, Calif.), and RapidPrep Micro Genomic DNA isolation kit (Pharmacia Biotech Inc., Piscataway, N.J.) have shown their usefulness for DNA extraction from stool specimens. Recently, the extraction-free FTA filter method (Whatman Bioscience, Cambridge, United Kingdom) has been demonstrated to have high sensitivity for DNA detection by PCR (19) . These DNA extraction methods, however, have never been compared. We aimed to evaluate the sensitivities of three DNA extraction methods, i.e., a QIAamp stool mini kit, FTA filter paper, and a conventional phenol-chloroform method.
In recent years, researchers have developed PCR methods for the detection of E. bieneusi in stool specimens. These methods have also never been compared. We chose to evaluate five previously described single-step PCR methods (4, 7, 14, 26, 30) with species-specific primer sets for the detection of E. bieneusi in stool specimens. Moreover, the sensitivities and specificities of the most sensitive PCR method using the most sensitive DNA extraction method were compared with results obtained from light microscopy by using electron microscopy as the gold standard.
MATERIALS AND METHODS
Stool samples. Stool specimens were collected from 290 children who lived in an orphanage situated in Bangkok, Thailand, during a routine stool examination that was performed every 6 months by the Department of Parasitology, Phramongkutklao College of Medicine, Bangkok, Thailand. Stool specimens were stained with Gram-chromotrope as previously described (17) and examined under a 100ϫ objective by light microscopy for E. bieneusi. Confirmation of the presence of E. bieneusi was performed by electron microscopy or PCR. From these samples, a single positive specimen was used to evaluate the sensitivities of three DNA extraction and five species-specific PCR methods. All positive specimens confirmed by electron microscopy were used for the evaluation of sensitivities and specificities of light microscopy and the PCR method. These specimens were stored at 4°C for less than 3 months. Stool specimens with no E. bieneusi spores were from healthy persons who lived in a rural community outside Bangkok. These samples were ruled out for E. bieneusi by negative Calcofluor staining.
Evaluation of DNA extraction methods. Three DNA extraction methods, i.e., FTA filter paper, a QIAamp stool mini kit, and a conventional phenol-chloroform method were compared. For extraction with the FTA filter paper, 6-mm disks were punched out from FTA filter paper (Whatman Bioscience) by using a modified hole punch and placed in a 1.5-ml microcentrifuge tube. Fifteen microliters of each diluted sample was spotted onto the FTA disks and dried on a heating block at 56°C. One quarter of each disk was used for one test since it could fit in a 0. To precipitate nucleic acids from the aqueous phase, 0.1 volume of 3 M sodium acetate, pH 5.0, and 2 volumes of cold absolute ethanol were used. DNA was collected immediately by centrifugation at 10,000 ϫ g for 20 min; then ethanol was removed, and the pellet was collected after washing with 0.5 ml of cold 70% ethanol. To remove the residual ethanol, 1 ml of acetone was added, and the pellet was then dried at 37 to 50°C with the lid open. The DNA pellet was resuspended in 200 l of TE buffer and kept at Ϫ20°C until used.
To determine the sensitivities of these three DNA extraction methods, a stool specimen with a known concentration of microsporidial spores was used. A spore count of E. bieneusi was performed by using a positive stool sample dissolved in 200 l of phosphate-buffered saline, pH 7.5. This specimen was stained by Gram-chromotrope and counted by light microscopy. Dilutions of homogenized stools were made to give different spore concentrations at 100,000, 20,000, 4,000, 800, and 160 spores/ml. For the QIAamp stool mini kit and phenol-chloroform methods, 200 l of diluted stool sample was used for each test. A total of 10 l of each extracted DNA specimen was used in the PCR amplification to obtain the equivalent of 1,000, 200, 40, 8, and 1.6 spores per PCR mixture. The sensitivity of the FTA filter was assessed by using the same samples as used for the QIAamp stool mini kit and conventional phenol-chloroform method. Since the amount of specimen placed on the FTA disk was limited to 15 l and one-fourth of the FTA disk was used for each test, the number of spores was equivalent to 375, 75, 15, 3, and 0.6 spores per PCR mixture. The most sensitive extraction method is defined as the method that can extract DNA from the specimen with the lowest spore concentration and give a positive band of E. bieneusi by PCR amplification with the primer pair MSP3-MSP4B with PCR conditions as described by Katzwinkel-Wladarsch et al. (7) . The evaluation of each method was performed three times.
Evaluation of PCR amplification methods. Five single-step PCR methods for the detection of E. bieneusi were compared for their sensitivities. Stool specimens with five different concentrations of E. bieneusi spores, i.e., 100,000, 20,000, 8,000, 400, and 160 spores/ml, were extracted for DNA by FTA filter paper. The most sensitive PCR method is defined as the method that can amplify the specimen containing the lowest spore concentration. These five sets of primer pairs included MSP3-MSP4B (7), EBIEF1-EBIER1 (4), Primer set 2 (26), Eb.gcEb.gt (30) , and V1-Mic3 (14) . Genomic DNA and the primer pairs were used with PCR conditions as previously described (4, 7, 14, 26, 30) . PCR amplification was performed by using a Perkin Elmer 480 thermal cycler. A 10-l PCR product from each reaction mixture was run on a 2% agarose gel (FMC Bioproducts, Rockland, Maine) with 1% Tris-borate-EDTA buffer. Gels were stained with ethidium bromide and visualized under UV light and documented on highdensity printing paper by using a UV-save gel documentation system I (UVItech, Cambridge, United Kingdom). The evaluation of the sensitivities of each PCR method was performed three times.
Comparison of PCR and light microscopy for the detection of E. bieneusi in stool specimens. The most sensitive DNA extraction and PCR method was chosen for the comparison of the light microscopy and PCR methods for the detection of E. bieneusi in stool samples. The blinded evaluation of both techniques was performed by using 30 positive and 30 negative stool samples. Stool specimens were examined microscopically by an experienced microscopist by using Gram-chromotrope staining. The sources of all positive and negative stool samples were described above. Sensitivities and specificities were calculated by using two-by-two tables and Epi Info version 6.01 software. A chi-square test was used to determine the significance of the difference between two proportions for sensitivities and specificities of the two diagnostic methods.
RESULTS

Sensitivities of DNA extraction methods.
To evaluate the sensitivities of these three extraction methods, specimens with known spore concentrations were used for the experiment. As shown in Table 1 , FTA filter paper and the QIAamp stool mini kit could detect E. bieneusi at concentrations as low as 800 spores/ml. The sensitivity of the phenol-chloroform extraction method was equivalent to 4,000 spores/ml. The comparison shows that FTA filter paper and the QIAamp stool mini kit are more sensitive compared to the conventional phenol-chloroform method for DNA extraction of E. bieneusi in stool specimens. Table 2 . Our results demonstrated that the two protocols that use the MSP3-MSP4B and EBIEF1-EBIER1 primer pairs were the most sensitive methods for detecting E. bieneusi at concentrations as low as 800 spores/ml. Figure 1 shows the sensitivity testing of the PCR method using the primer pair MSP3-MSP4B to amplify E. bieneusi in stool specimens. The protocols which used the Eb.gc-Eb.gt and V1-Mic3 primers could detect E. bieneusi in specimens with 20,000 spores/ml. Following the technique of Schuitema et al. (26) and using Primer set 2, we could not amplify the DNA of E. bieneusi at a concentration of 100,000 spores/ml. Positive results were found only in specimens with spore concentrations higher than 100,000 spores/ml.
Sensitivities of PCR methods. A comparison of the sensitivities of five PCR methods is shown in
Sensitivities and specificities of PCR and light microscopy for the detection of E. bieneusi. Based on the above results, FTA filter paper was chosen for DNA extraction together with the PCR method using the primer pair MSP3-MSP4B to test their sensitivities and specificities for the detection of E. bieneusi in stool specimens. Although the PCR method using the EBIEF1-EBIER1 primer pair gave the same sensitivity as the primer pair MSP3-MSP4B, we chose the MSP3-MSP4B primer pair because of its usefulness in terms of genotypic characterization. Table 3 shows the sensitivities and specificities of the PCR method and light microscopy with Gram-chromotrope staining. The sensitivities of PCR and light microscopy with Gram-chromotrope staining were 100% (95% confidence interval [CI], 90.5 to 100) and 86.7% (95% CI, 70.9 to 95.6), respectively. The specificities of both PCR and light microscopy with Gram-chromotrope staining were 100% (95% CI, 90.5 to 100). The difference between the sensitivities of both methods was 13.3% (95% CI, 4.4 to 29.1). There were no significant differences between the results from PCR and light microscopy with Gram-chromotrope staining in terms of sensitivity (P ϭ 0.9) and specificity (P ϭ 0.36).
DISCUSSION
The detection of protozoan parasites in stool specimens by PCR usually requires a highly sensitive DNA extraction method because of the presence of inhibitors in stools. To choose a sensitive method for the PCR detection of E. bieneusi DNA in stool specimens, we evaluated three DNA extraction methods: a QIAamp stool mini kit, FTA filter paper, and a conventional phenol-chloroform method. Our study showed FIG. 1. PCR analysis using the MSP3-MSP4B primer pair specific to the SSU rRNA gene of E. bieneusi. Lane M, molecular markers of 100-bp DNA ladder; lane 1, negative control; lanes 2 to 6, different concentrations of spores (100,000, 20,000, 4,000, 800, and 160 spores/ml, respectively); lane 7, positive control. that the detection limit varied between 800 to 4,000 spores/ml, depending on the extraction method. Although the phenolchloroform method has been widely used as a standard method for DNA extraction, our data showed that this less sensitive method could detect spores at a concentration of 4,000 spores/ ml. Since DNA was extracted directly from stool samples, poor DNA extraction efficiency or incomplete removal of inhibitors could have occurred. The extraction protocol involved several steps; thus, limited numbers of specimens could be tested each time. To raise the sensitivity of DNA extraction, spore concentration or purification and/or DNA purification afterward may be required (12, 18, 27, 28) . Our experiments showed that both the QIAamp stool mini kit and FTA filter paper could detect E. bieneusi in stool specimens with the same concentration of 800 spores/ml. The QIAamp stool mini kit procedure involves digestion of proteins, elimination of inhibitors, binding DNA to silica gel membrane, and elution of DNA by spin column. In this study, stool homogenate was incubated at 70°C for 5 min with lysis buffer for efficient spore lysis before the extraction. Since spores of E. bieneusi are resistant to disruption and lysis, increasing the incubation temperature of the stool homogenates in the lysis buffer up to 95°C may be helpful to improve sensitivity. The QIAamp stool mini kit involves several steps and takes approximately 1 h to be completed, thus limiting the numbers of specimens that can be handled at one time.
FTA filter paper is an extraction-free, filter-based template which is impregnated with denaturants, chelating agents, and a free-radical trap. Lysis of organisms occurs upon contact with the FTA filter paper, and then DNA is trapped on the matrix. Inhibitors or other debris are effectively removed by washing reagent. Since the application of samples onto the FTA filters is very simple, a large number of samples for field epidemiological studies can be prepared simultaneously by untrained personnel with less technical equipment. The whole procedure, including drying and washing to get the DNA template ready for PCR amplification, takes less than 3 h after spotting the specimens. The disks can be stored at room temperature so that they are easy to handle and transport for further analysis. FTA filter paper and the QIAamp stool mini kit are commercially available with approximately the same price on a sample basis. Modification of the FTA filters by using an individual hole punch to get an FTA disk with a 6-mm diameter for tested samples can reduce the cost. Thus, for long-term use, FTA filters are a low-cost method with high sensitivity, which makes them a good choice for use with large numbers of samples. In addition, the amount of sample required for FTA filter paper is less than that for the QIAamp stool mini kit.
A number of E. bieneusi-specific PCR protocols, which are usually based on the amplification of the intergenic transcribed spacer region of the SSU rRNA gene, have been developed. However, there has been no evaluation of these PCR methods. We evaluated single-step PCR rather than nested PCR methods for the detection of E. bieneusi in stool specimens because the single-step PCR method is convenient and less time consuming. Based on the above data, we used the FTA filter method for DNA extraction to evaluate five PCR protocols, i.e., PCR with the primer pairs MSP3-MSP4B, EBIEF1-EBIER1, Primer set 2, Eb.gc-Eb.gt, and V1-Mic3. Our study showed that the MSP3-MSP4B and EB1EF1-EB1ER primer pairs were the most sensitive primers to detect E. bieneusi in stool specimens. Both MSP3-MSP4B and EB1EF1-EB1ER have been shown to be E. bieneusi specific and do not crossamplify with other human microsporidia (4, 7). These two PCR protocols have been used for the identification of E. bieneusi both in humans and animals (1, 12, 13, 21) . The MSP3-MSP4B primer set has shown satisfactory results for species-specific identification (5, 23, 24) . For the purpose of genotypic characterization, comparisons of the intergenic transcribed spacer sequences amplified by MSP3-MSP4B can differentiate their genotype.
The protocol of the Eb.gc-Eb.gt primer set was also tested and was shown to have less sensitivity in the present study. In contrast to the protocols using the MSP3-MSP4B and EB1EF1-EB1ER primer pairs, the Eb.gc-Eb.gt primer pair requires PCR-restriction fragment length polymorphism for genotypic characterization of E. bieneusi (11) . However, the PCR-restriction fragment length polymorphism technique has the disadvantage that any mutations or deletions between the restriction enzyme recognition sites are not accessible. The usefulness of genotypic differentiation might be limited.
The use of forward primer V1 (35) and reverse primer Mic3 was developed for E. bieneusi identification (14) . The PCR protocol with the V1-Mic3 primer pair and in situ hybridization procedures was a sensitive diagnostic tool and enabled the differentiation of E. bieneusi from other microsporidia (3). Our study demonstrated that the PCR protocol using the V1-Mic3 primer pair was not as sensitive as the protocols with the MSP3-MSP4B and EB1EF1-EB1ER primer pairs. Primer set 2 was designed by Schuitema et al. (26) and was shown to be useful for the detection of E. bieneusi in stool specimens (10, 14) . However, we found that Primer set 2 was the least sensitive protocol in this study.
Rinder et al. (22) conducted a blinded, externally controlled multicenter evaluation of light microscopy and PCR for the detection of E. bieneusi in stool specimens. The sensitivities reported from six different laboratories were between 71 to 100%. The differences in the sensitivities might be dependent on DNA extraction methods and PCR protocols. Recently, a real-time PCR method for the detection of Encephalitozoon intestinalis from stool specimens has been developed. It has been shown that real-time PCR is more sensitive than light microscopy (34) . In the present study, we evaluated the sensitivities and specificities of PCR and light microscopy for the detection of E. bieneusi in stool specimens. We used the most sensitive techniques to detect E. bieneusi, i.e., FTA filter paper for DNA extraction and the MSP3-MSP4B primer pair for PCR amplification. Although light microscopy seemed to be less sensitive than the PCR method, there is no statistically significant difference between these two methods. The nonsignificant difference might be due to the specimens used in this study, which contained high concentrations of spores and were examined by a highly experienced microscopist. Although light microscopy is an inexpensive method, it cannot differentiate species of microsporidia. Light microscopy, thus, is suitable for a routine screening test. The PCR method using the MSP3-MSP4B primer pair together with FTA filter paper for DNA extraction gave 100% sensitivity and 100% specificity for the detection of E. bieneusi in stool specimens. Hence, this method is a powerful diagnostic method for evaluating clinical speci- VOL. 42, 2004 COMPARISON OF PCR METHODS FOR DETECTION OF E. BIENEUSI 3493 mens and also a meaningful tool for epidemiological study of this infection. Moreover, genotype can be characterized by sequence analysis of the PCR product. Understanding the genetic variations of E. bieneusi strains among the population will be useful for exploring the source, transmission, and pathogenesis of this organism.
In conclusion, we demonstrate that both FTA filter paper and the QIAamp stool mini kit were sensitive methods for the DNA extraction of E. bieneusi in stool specimens. We chose FTA filter paper for further investigation since it is easy to use, is a rapid test, does not require experienced persons to handle specimens, and requires smaller amounts of stool specimens.
Comparison of five PCR protocols showed that the PCR protocols using the primer pairs MSP3-MSP4B and EB1EF1-EB1ER are the most sensitive methods for the detection of E. bieneusi in the present study. Using these sensitive DNA extraction and PCR methods together gave high sensitivity and specificity for the detection of E. bieneusi.
